The assessment of biodurability of man-made vitreous fibers is essential to the limitation of health hazards associated with human exposure to environments in which respirable fibers are present. In vitro acellular systems provide effective test methods of measuring fiber solubility provided care is taken to select the most suitable solvent and test conditions for the specific fiber type and dimension. -Environ Health Perspect 102(Suppl 5): 47-53 (1994) 
Introduction
As soon as it was recognized that certain natural mineral fibers could represent a health hazard if inhaled, research started on the possible health effects of other particles that were essentially artificial, mineral or organic fibers. Studies on animals and humans showed very quickly that certain artificial mineral fibers, such as insulation wool fibers, produced effects that were not identical to those produced by natural mineral fibers.
There are two main reasons for the difference between man-made mineral fibers and natural fibers. First, a totally different level of exposure exists for man-made mineral fibers (1 fiber/ml) than existed for natural fibers (10,000 fibers/ml), and second, fiber geometry is very different (1) , for asbestos fibers can have diameters as small as 0.2 pm, due to splitting, compared with an average diameter for man-made mineral fibers of approximately 3 pm (2) .
It is also generally recognized that fiber biosolubility or biodurability is a very important parameter that influences the possible health hazard caused by inhalation of fibers. To present a health risk, a fiber must be not only thin and long enough, but also durable (3) . This difference in durability was first demonstrated in a very simple experiment: fibers were placed in a static system that simulated human extracellular fluid or the fluid of the lung (4).
Later, the system was improved by the introduction of a dynamic system in which fluid flowed around the fibers (5, 6) .
Test Parameters
Some of the many methods that have been published, both in scientific journals and in patents on biosoluble fibers (7) (8) (9) (10) (11) (12) , are analyzed in Table 1 . However, no real standardization of the methodology has yet appeared, and the main differences among all these methods are in the type of fluid used; the morphology of the test fibers; and the type of test, whether static or dynamic. In only one study have measurements with polymeric organic fibers been reported (13) .
Types ofFluiid "Extracelular" Fluids. Most of the studies have used Gamble's solution, or an adaptation of this type of fluid (14, 15) . However, slight variations in fluid composition do not seem to be responsible for important differences in some of the solubility data; this is one parameter on which there is general agreement and where standardization should be the easiest (16) . Currently used fluid compositions simulating the extracellular milieu, with pH buffered at 7.4 to 7.6, are given in Table 2 . The cations present and the buffers in the solutions may influence the formation of chemical complexes with the leached glass.
Other Fluids. Among the 17 studies analyzed (Table 1) , only 5 mention that instead of using the extracellular fluid with pH 7.5, fluid simulating intracellular conditions with pH at 4.5 to 5.0 may be used (17) (18) (19) (20) (21) . This is intended to simulate the pH encountered when fibers are captured by macrophages. Solubility tests have shown that fibers soluble at pH 7.5, simulating extracellular fluid, are far less soluble at pH 4.5, simulating intracellular conditions. The reverse is also true. It is possible to imagine glass compositions that, while being reasonably soluble at pH 7.5, are still adequately soluble at pH 4.5 (20) . However, it has not yet been shown that fiber solubility in intracellular fluid simulant is relevant to animal experiments, since it has not been shown that fibers that are highly soluble at pH 4.5 and either insoluble or less soluble at pH 7.5 do not produce fibrosis or tumors in experimental animals.
Morphology ofthe Fibers
In most studies the fibers used were obtained by sampling commercial 
Static versus Dynamic Tests
The early studies used mainly static tests (Figure 1 ), but dynamic tests are now more frequently used (Figure 2 (15, 21) .
For a very limited number of fiber compositions, it has been shown that solubilities measured in a static or a dynamic test are very closely correlated (23) ; and therefore the static test, which is easier to control and has smaller internal variation, could be used, provided each test is repeated.
In the dynamic test, one of the important parameters is the flow rate, which initially was proposed at 40 ml/day (5). Subsequently, variable flow rates have been used (15) , depending on the solubility of the fibers to be tested. The results of solubility tests will, in fact, depend on two major parameters, the volume of the solution or flow rate ( Figure 3 ) and the mass of the fibers or their surface area.
The current tendency is to use a variable flow rate to maintain the kinetic parameter slv constant (where s = surface area of the sample and v = the flow rate), and the flow rates should be chosen, so that there is as good a correlation as possible with animal experiments, as indicated in Figure 4 (21) .
The difficulties involved should not be underestimated. On (15, 25) . This approach is more costly because many measurements have to be made; but it is also more accurate and should be used especially for fibers * Glass in which silica is not the major component or for which dissolution is markedly non-* M. Glass congruent, as, for example, is the case for * Slone some slagwool fibers. With this method it is possible to make comparison of durabil-* M. Slag ity over a wide spectrum of compositions.
In addition, it gives both dissolution and leaching rates, and is, therefore, an approach to be recommended for future studies. * an initial k, which tends to be high and represents the rapid leaching of one element, such as calcium, from slagwool (21); * an ultimate k, which tends to be low and represents the leaching of the modified fiber after a given time; or * a mean k, computed as a running average of the two previous values; this k has often been reported in-published results (3, 17, 18) . As with the choice of the flow rate, the choice of the dissolution rate constant, k, should be such as to provide the best correlation possible with animal experiments.
Results
Despite the wide range of parameters that have been used in the different methods, a certain number of conclusions can be drawn from the available results. A fiber composition with a high aluminium content will have a low solubility, at least at pH 7.4. An increase in the concentration of alkaline oxides or alkaline-earth oxides in the composition of a fiber will increase the solubility at pH 7.4; but because the compositions of glass fibers are complex, the relationship between the solubility and the chemical composition of a fiber is not linear. Moreover, even given identical chemical compositions, the solubility of fibers can be influenced by their production method and probably also by the aspect of the fiber surface.
Validation of Results
The comparison between in vitro assessment of durability and the results of in vivo experiments is made very difficult because most measurements in vitro are reported as a mass loss or its equivalent, whereas most in vivo experiments give results as fiber counts. One document that attempts to relate these quantities was published recently (27) , and it appears that the discrepancies in reporting the durabilities in different ways may not be so complete as was thought at first.
Results of in vivo studies often are interpreted as obeying first order kinetics. For example, when the elimination of inhaled glasswool dust from rat lungs is expressed by the mass of dust remaining per rat lung and plotted against time after exposure, the results appear to be consistent with a first-order reaction law (2) ( Figure 5) . Similarly, the results of an intratracheal study, based on the decrease of fiber number in rat lung ash, also appeared to obey first order kinetics (28) (Figure 6 ). However, taking into consideration the limitations in the accuracy of fiber number determination, and the fact that the results were based on only three measured points, all the three curves could just as well be straight lines (by linear regression), lying within the field of standard deviation of each measured point. By using the equation by which in vitro test results are calculated (15) , it has been possible to calculate, step by step, for any given duration, the mass loss or the decrease in diameter of any fiber from an original sample (29) . Similarly, it has been possible to calculate and simulate the number of remaining fibers (Figures 7, 8 ).
These curves are very similar to those found in in vivo studies (2, 28) , where what was measured was the number of fibers remaining. It appears, therefore, that the published in vivo and in vitro results are not contradictory, and that in vitro experiments give very valuable information on fiber dissolution durability while in vivo experiments may also give information on fiber clearance.
Conclusion
The ultimate aim of studies involving different methods of measuring durability in vitro is to validate one experimental method that could predict the results of in vivo experiments.
At the recent WHO Workshop in Copenhagen (May 1992) , it was stated that, for the assessment of the health risk involved with a fiber, an RCC-type animal inhalation test with rats should be used. The same type of animal inhalation test should also be used to evaluate the validity of a predictive in vitro method. To the extent that the results of an in vitro test correlate with the RCC-type animal test, the parameters chosen will have been shown to be correct and adequate.
Six man-made mineral fibers (four refractory fibers and two glass fibers) of approximately the same geometry and known chemistry have been tested completely with an RCC-type animal test, and the percentage of tumors and the pulmonary reactions produced in the rats will soon be published. When they are available, they should be compared with the results of the in vitro measurement methods described, even if some of the methods are too limited and are not applicable to all six types of fibers tested in RCC.
An important ongoing experiment is comparing different in vitro methods using four fibers (MMVF 11, MMVF1O, MMVF21, MMVF22) (21) . Once the tumor rates from the RCC-type experiments are available for comparison with this in vitro study, it will be possible to see how close is the correlation, and therefore which in vitro method should be recommended. However, for the moment only the dissolution rates in vitro and in vivo can be compared (Figure 4) .
In summary, it would appear that the best in vitro test method would use Gamble's solution at pH 7.5, with fiber samples of the TIMA type, that is, with diameter approximately 1 pm and mean length approximately 20 pm. The test method should be dynamic, and the solubility determined by measuring the amounts of all components going into solution. The flow rate should be adjusted according to the solubility of the fiber, and should aim to keep the kinetic parameter constant.
In choosing the most suitable parameters for an in vitro test, it should be borne in mind that organic fibers, not inorganic, represent by far the largest part of all fibers present in indoor air. In the future, therefore, it may be necessary to develop a standard method for testing their biodurability.
